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This  work deals with the enhancement of the quantum e f f i c i e n c y  and 
photovol ta ic  energy conversion eff ic iency of a P-1: semiconducting c e l l  by 
optimizing the dimensions of the c e l l .  Based on the Shockley-Read s t a t i s t i c s  
a general  expression f o r  the quantum e f f i c i e n c y  of monochromatic i nc iden t  
r a d i a n t  energy photons has been derived i n  terms of the absorption c o e f f i c i e n t  
of the inc iden t  photons, the mincrity c a r r i e r  d i f fus ion  length,  the b u i l t - i n  
e l e c t r o s t a t i c  f i e l d  appearing i n  diffused ce l l s  and the surface recombination 
v e l o c i t y  i n  the exposed l aye r  of the c e l l .  Although the expressions derived 
may be used f o r  a l l  semiconducting P-N c e l l s ,  s p e c i a l  e f f o r t s  have been made 
i n  the  analysis  and computations of the Germanium P-N c e l l .  The Germanium 
cells show a g rea t  p o t e n t i a l  f o r  photovoltaic energy conversion from r a d i a n t  
sources other than the  sun. The r e s u l t s  f o r  Germanium i n d i c a t e  t h a t  the  
quantum e f f i c i e n c y  s t rong ly  depends upon the thicknesses of t he  exposed and 
base layers .  The b u i l t - i n  e l e c t r o s t a t i c  f i e l d  and the surface recombination 
v e l o c i t y  i n  the  exposed l a y e r  influence the quantum e f f i c i ency  g rea t ly .  
Optimization s t u d i e s  f o r  the thickfiesses of the exposed and base l aye r s  of 
a N-P type Germanium f o r  d i f f e r e n t  values of minority c a r r i e r  d i f fus ion  
length,  b u i l t - i n  e l e c t r o s t a t i c  f i e l d  and surface recombination v e l o c i t y  have 
been worked out. 
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I n  r ecen t  years  attempts h a w  been made t o  convert e f f i c i e n t l y  the 
r a d i a n t  energy from incandescent sources burning f o s s i l  o r  nuclear f u e l s  t o  
e l e c t r i c a l  energy d i r e c t l y .  
s o l i d - s t a t e  conversion of r a d i a n t  energy t o  e l e c t r i c a l  energy. 
j u n c t i o n  is  formed i n  a semiconducting ma te r i a l  i n  the  region where the 
impurity content  changes from P type t o  N type. The Shockley equation 
f o r  a: i d e a l  P-N j unc t ion  i n  the dark i s  
Semiconductor c e l l s  (P-N junc t ions )  a r e  used f o r  
A P-N 
When i l luminated w i t h  electromagnetic r ad ia t ion ,  the port ion of the energy 
contained i n  the energy i n t e r v a l  h = 0 t o  h would produce electron-hole 
p a i r s .  g hc 
where E i s  the forbidden energy gap of the semiconductor. The e l ec t rons  
and holeg generated by the  r ad ia t ion  are  swept by the  e l e c t r i c  f i e l d  i n  the 
space charge region r e s u l t i n g  i n  an e l e c t r i c  current .  I f  Q is the number 
of photons f a l l i n g  pe r  u n i t  area on the  c e l l  and they are i n  the wave length 
i n t e r v a l  A = 0 t o  A t he  r ad ia t ion  cu r ren t  dens i ty  
g' 
i s  the  quantum eff ic iency of the photons. It i s  the e f f i c i e n c y  
where i th  whi ?? h a r a d i a n t  energy photon produces a use fu l  charge c a r r i e r .  I n  
h i s  work on the  conversion e f f i c i ency  of r a d i a n t  energy, J a i n  (1) has shown 
that Germanium cells have g r e a t  po ten t i a l  f o r  r a d i a n t  energy conversion. 
Assuming t h a t  the pene t r a t ion  of the inc iden t  r a d i a t i o n  i s  only confined t o  
the exposed l a y e r  and assuming that  there  i s  no b u i l t - i n  e l e c t r o s t a t i c  f i e l d  
due t o  impurity concentrat ion gradient and there  a r e  no surface s t a t e s  i n  
the exposed l a y e r ,  J a in  ( 2 )  computed the quantum e f f i c i e n c y  of the inc iden t  
r a d i a n t  photons i n  a Germanium c e l l .  The assumption made by J a i n  were only 
made t o  s implify computations and t o  g e t  a preliminary idea  about the 
quantum e f f i c i ency .  
-- 
_The following work incorporates a general  treatment of the quantum 
e f f i c i e n c y  as w e l l  a s t k  photovoltaic conversion e f f i c i e n c y  of a semiconductor 
c e l l  i n  t e r m s  of the  minority car r I I r  d i f f u s i o n  length ,  b u i l t - i n  e l e c t r o s t a t i c  
f i e l d ,  surface recombination velociLy and the  thickness of the ce l l .  The 
e f f e c t  of photons penetrat ing i n  tile base l aye r  has a l s o  been taken i n t o  account. 
The e f f e c t  of dimensions of the c e l l  on the  conversion e f f i c i e n c y  and quan- 
tum e f f i c i e n c y  has been discussed f o r  a Germanium N-? c e l l .  
2. QUAiTUM E F F I C I E N C Y  OF MONOCHROMATIC RADIANT ENERGY PHOTONS I N  SEMICONDUCTORS 
I n  r ad ian t  energy conversion, one does not dea l  wi th  monochromatic 
r ad ia t ions  b u t  on the  other  hand deals w i t t  an a r b i t r a r y  s p e c t r a l  d i s t r i b u t i o n  
curve, which may or  may not f i t  i n  a black or  gray body s p e c t r a l  d i s t r i b u t i o n  
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curve a t  a given source temperature 
termine the quantum e f f i c i e n c y  Ti f o r  various wavelengths i n  the wave ' 'and ca r ry  over the r e s u l t s  t o  r a d i a n t  l eng th  i n t e r v a l  h = 0 t o  X = 
energy spectrum. Consider a P-N junct ion of a semiconducting ma te r i a l  with 
inc iden t  r a d i a t i o n  of wave length h i n  the wave length i n t e r v a l  h > h. > 0 
f a l l i n g  on the  N l a y e r  of the material .  Referring t o  f i g u r e  1, whFch w e  
use as a model f o r  the study, we  make the  following assumptions: 
Ts. It i s ,  however, convenient t o  de-  
l g  
(1) 
(2) The junc t ion  region (deplet ion region) 26 i n  Fig.  1 i s  neg l ig ib l e  
Boltzmam s t a t i s t i c s  can be used i n  place of Feriai-Dirac s t a t i s t i c s .  
as compared t o  the thickness  of the P or N l aye r s  and as  compared t o  the  
d i f f u s i o n  lengths  of holes  i n  the  N l a y e r  and e l e c t r o n s  i n  t h e  P l aye r .  
26 << d 
26 << dg 
26 << Lp 
26 << Ln 
(3 )  Constant b u i l t - i n  e l e c t r o s t a t i c  f i e l d  due t o  concentrat ion g rad ien t  
of impurity atoms e x i s t  only i n  the exposed l a y e r  of the ce l l ,  i . e . ,  
(N -N ) 
e = - * -  A x=dN = constant 
(K -N ) 
1 k~ t n  
dN ' D A x=O 
where 
and (ND - NA)x,O i s  the n e t  concentration of impurity 
atoms a t  t he  junct ion.  
v e l o c i t y  may vary between 0 and l o 6  cm/sec. 
the  quantum y i e l d  i s  unity.  ( 3 )  
The assumption t h a t  the  e l e c t r o s t a t i c  f i e l d  due t o  concentration g rad ien t  of 
impurity i s  constant  i s  f a r  from r e a l i t y  i n  the v i c i n i t y  of the junct ion.  
This has been c o r r e c t l y  pointed out by Lindmayer, Wrigley and Schoeni ( 4 ) .  
Since determination of the exac t  e l e c t r o s t a t i c  f i e l d  even with an exponential  
v a r i a t i o n  of impurity atoms i s  very involved, constant e l e c t r o s t a t i c  f i e l d  
had t o  be taken t o  s implify computations. 
( -NA + ND)x=d i s  the  n e t  concentration of impurity atoms a t  x = dN 
(4) 
( 5 )  Each photon absorbed produces only one p a i r  of e l e c t r o n  and hole  o r  
Surface s ta tes  e x i s t  i n  the exposed l a y e r  and t h e  su r face  recombination 
Assuming t h a t  i n  Fig. 1, the  incident  r a d i a t i o n  f a l l s  on the N type 
surface,  ho le s  which are minority c a r r i e r s  i n  the N type mater ia l  would 
con t r ibu te  t o  the  d i f f u s i o n  cu r ren t  and hence the r a d i a t i o n  cu r ren t .  I f  the 
inc iden t  r a d i a t i o n  penetrates  i n t o  the P l a y e r  across  the  junct ion,  e l ec t rons  
which are the minority c a r r i e r s  i n  the P l aye r  w i l l  a l s o  con t r ibu te  t o  the 
d i f f u s i o n  cu r ren t .  The cu r ren t  density con t r ibu t ion  due t o  holes i n  N l a y e r  
is  
and the c u r r e n t  densi ty  con t r ibu t ion  due t o  e l ec t rons  i n  the P l a y e r  i s  
. 
I 
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-. rne t o t a l  cur ren t  densi ty  i n  the c e l l  is therefore  equal t o  
( 5 )  J = J  + J n .  
can be obtained by solving the cont inui ty  equations for 
P 
9 and - dn 
dx lx=& 
The s teady s t a t e  cont inui ty  equaticjn f o r  holes i n  the exposed l aye r  may be 
w r i t t e n  with the help of Shockley, Read s t a t i s t i c s  (5) .  
d x l ~ = - b  minority c a r r i e r s  i n  the N and P l aye r s  respect ively.  
x-dN- 6 
( 6 )  
P 
dx 
P 
where e =kT i s  the critical e l e c t r i c  f i e l d .  
c 9 Lp 
Q, 
(\)-' 
is  the number of photons f a l l i n g  on u n i t  a rea  per  second. 
i s  the absorpt ion coef f ic ien t  of the r a d i a t i o n  i n  the material. 
The general  s o l u t i o n  of equation (6) i s  
I n  equation (7) A, B a re  constants of i n t e g r a t i o n  and 
L1 = - -  - + -  = -  (Y 
2Lp c 2LP + 4  L 
J &  2 l e  
P 
= -  8 
L . /e 2 L 2 p - -  - - -  l e  
2Lp 2Lp (%) + P 
The boundary conditions for the determinstion of constants  A and B are:  
9, 
(1) A t  x = 6 P "PN e kT 
& - - . p * - ]  e 1 
P q['Dp dx e, Lp x=6+dN ' '(x=dN+6) (2) A t  x = 6 + % 
-4- 
s E 1  
P C P  
where F = - (D +e r) 
P 
With the  he lp  of the above boundary condi t ions i t  i s  poss ib le  t o  determine 
cons tan ts  A and B and evaluate  J by f ind ing  out  9 
The con t inu i ty  equat ion f o r  e lec t rons  i n  the P l aye r  
w i t h  E = 0 i s  given by x-d,-6 
(base l aye r )  
I dx x=6' P 
The genera l  so lu t lon  of the abzve equation i s  given by 
x-d -6 N X --X 
n(x) = c e + D e  Ln + QhLA7n e Lh n 
L 
The cons tan ts  C and D can be determined wi th  the  help of the following 
boundary condi t ions  : n9 
% (i) A t  x = -6 n = n  e 
P 
(ii) A t  x = -6 -dN dn = 0 dx (assuming no sur face  recombination v e l o c i t y  i n  the  base l aye r ) .  
* With the  he lp  of the above boundary condi t ions  i t  i s  poss ib le  t o  determine 
cons tan ts  C and D and evaluate  J by f ind ing  out  dn The 
found t o  be given by 
quantum e f f i c i ency  as defined by equarion ( 2 )  i s  Xlx=-6* 
-d N 1  
dN 1 cy - - . -  dN - -  
Lp ah - . -  L 
I (11) + e  LP 
- (1 +- F L2) e l e  
Lx a = -  
P h L '  
where 
-5- 
Equation (11) shows t h a t  the  quantum e f f i c i ency  of inc ident  photons depends 
a E and S. If there i s  no b u i l t - i n  e l e c t r o s t a t i c  f i e l d  and 
, A ,  there  a re  no surface s t a t e s ,  equat ion (11) may be reduced 
upon d 
9 -  
L ' L  
to:  P P  
dN 
- - . -  
dN LP a h ]  d d tanh f) + y ( t a n h  $ + tanh c) e 
P P P 
Equation (12)  reduces t o  J a i n ' s  (2 )  equation f o r  quantum e f f i c i ency  i f  d = 0. 
The reverse sa tu ra t ion  cur ren t  densi ty  f o r  t h i s  case i s  given by P 
P D q  dN n D q  d 
= [ tanh - + tanh 9 ] 
P P n Ln L Jo 
d 
Ln 
depends upon 5 and J . 
L JO 
Equation (13) shows t h a t  
P 
3. COMPUTATIONS AND DISCUSSION OF THE QUANTUM EFFICIENCY OF A GERMANIUM P-N CELL 
Since Germanium c e l l s  show a g r e a t  p o t e n t i a l  f o r  use i n  rad ian t  energy 
conversion, an ana lys i s  of the Germanium c e l l  has been car r ied  out with the 
help of equations (11) and ( 1 2 ) .  From the da ta  published by Dash and Newmann 
(6) 
given i n  t ab le  1. 
the absorpt ion coe f f i c i en t s  of Germanium f o r  various wave lengths  a re  
Wave length A (microns1 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.66 
1.73 
1.8 
1.87 
-1 -1 TABLE 1. Absorption Coeff ic ient(L ) c m  
7.5 x 1w x 
The following da ta  has been assumed f o r  
L = 0.05 cm 
P 
1.8 X 105 
1.7 X 1oQ 
4.3 x 16L 
9. x 1 6  
7. x 1 6  
2. x lo;! 
6.1 X 10 
3.5 x 10 
1.2 x 10 
0.7 X 10 
Germanium: 
D = 25 c m  2 /sec. 
P 
. 
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I n  order  t o  study the e f f e c t  of surface recombination ve loc i ty  and b u i l t - i n  
e l e c t r o s t a t i c  f i e l d  E , the following i n t e r v a l s  f o r  values of E and S have 
been se l ec t ed ,  
S 
E. = 0 t o  50 V/cm s = O t o  10 8 cm/sec 
3.1. Optimization of the Cell-dimensions: 
With the he lp  of the da ta  given above, quantum e f f i c i e n c y  was computed 
f o r  var ious wave length photons for  d i f f e r e n t  values of d and dN i n  the 
model of Figure 1 for'  Germanium ce l l s .  Figure 2 shows . c t h a t  
f o r  wavelengths i n  the i n t e r v a l  0.4 t o  1.5 microns the p 
e f f i c i e n c y  is independent of the thlckncss of the base l ayer  ( P  l ayer )  so 
long as d l i e s  between 0.1 t o  1.8, bu t  decreases with increasing thickness 
of the  exposed layer .  I n  order t o  explain t h i s  behavior of the quantum 
e f f i c i e n c y  a dotted curve has been drawn from the computations 
of reference (2), which assumes d = 0. 
t h a t  when the exposed layer  i s  very th in ,  i t  i s  t ransparent  t o  the in-  
c ident  r a d i a t i o n  and the quantum ef f ic iency  i s  law. As the thickness of the 
exposed layer  increases ,  the layer  s tar ts  g e t t i n g  opaque, the quantum ef f ic iency  
rises t o  a maximum and then gradually decreases. The gradual decrease r e s u l t s  
from the f a c t  t h a t  the  r a t e  of recombination of the  minority c a r r i e r s - i n c r e a s e s  
w i t h  the thickness  of the exposed layer. With d ly ing  between 0.1 t o  1.8, 
the s o l i d  curve of Figure 2 i s  obtained. For 9 the  case when the exposed 
l aye r  i s  t h i n  and i s  t ransparent  t o  the 
is absorbed within a s m a l l  thickness of the base l a y e r  because the absorp- 
t i o n  c o e f f i c i e n t  of Germanium f o r  the wavelength i n t e r v a l  under considerat ion 
i s  very la rge .  
and no d i s t i n c t  maximum value of quantum ef f ic iency  i s  obtained. (Solid cur  e 
Fig. 2). For l axe r  thickness of the exposed layer  or f o r  l a rge r  values of 2 
the  thickness  of the base layer  has no e f f e c t  on the quantum e f f i c i e n c y  L 
P s ince  most of the  r a d i a t i o n  i s  absorbed i n  the exposed layer.  
Lp quantum L 
Lp 
For the dofted curve it may be sa id  
Lp rad ia t ion ,  the r a d i a t i o n  
The absorption by the base layer  boosts the quantum e f f i c i e n c y  
21 
For inc ident  photons with wave lengths  g rea t e r  than 1 . 5 ~ ~  the absorption 
c o e f f i c i e n t  i s  n o t  large and all the r a d i a t i o n  i s  not absorbed i n  the exposed 
layer .  The thickness of the base layer  would,therefore, a f f e c t  the quantum 
ef f ic iency .  Figure 3 shows the var ia t ion  of quantum e f ic iency  with the 
thickness of the exposed layer  f o r  various values of 2 f o r  photons of 
wave length h = 1 . 6 6 ~ ~  The quan$um e f f i c i e n c y  L increases  with 
i r k e a s i n g  values of 2 up t o  2 = 0.9 and decreaseg f o r  l a r g e r  values 
of the r a t i o .  L L 
5 
P P 
Curves similar t o  Figure 3 were computed f 8 r  a l l  wave lengths  i n  the 
i n t e r v a l  1.5 t o  1 . 8 7 ~ .  The r e s u l t s  show t h a t  2 = 0.9 i s  an optimum value 
of the r a t i o  f o r  the maximum quantum L e f f ic iency .  This is  
exhibi ted by Figure 4, which shows the maximum v h u e s  of ths  quantum d e f f i c i e n c y  as obtained by v a r y i n g 2  and p lo t ted  aga ins t  3 . Fig. 5 
shows the v a r i a t i o n  of quantum ef  ic iency with wave L length 
as obtained wi th  the optimum v a l u e k  5 = 0.9 and plot ted P against  5. 
L 
P L P 
. 
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d For the  wave length i n t e r v a l  0.4 t o  1 . 6 p d i t  i s  desiraSle  t o  have 2 smll, 
but  f o r  photons of l a rge r  wave lengths N should be la rger .  L This 
could be explained by the f a c t  t ha t  L photons of l a rge r  wave 
lengths  w x l d  need l a rge r  layers  t o  be abgorbed, because of t h e i r  compara- 
t i v e l y  lower values of absorpt ion coef f ic ien ts .  
-
The e f f e c t s  of b u i l t - i n  e l e c t r o s t a t i c  f i e l d  and surface recombination 
v e l o c i t y  a r e  shown i n  Figure 6 .  With zero b u i l t - i n  e l e c t r o s t a t i c  f i e l d  
the quantum e f f i c i e n c y  decreases sharply with increasing surface recornbination 
ve loc i ty .  A b u i l t - i n  e l e c t r o s t a t i c  f i e l d  of 500 V / c m  i n  Fig. 6 compensates 
f o r  the detr imental  e f f e c t s  of the surface recombination ve loc i ty ,  It may, 
therefore ,  be concluded t h a t  i t  i s  advantageous t o  have diffused c e l l s  f o r  
r a d i a n t  energy conversion. 
Figure 7 shows the v a r i a t i o n  of quantum e f f i c i e n c y  with wave length 
f o r  various thicknesses of the exposed layer  f o r  typ ica l  values of S and - 1 f o r  h C 1.6~. For wave &. It can be seen from the f igu re  t h a t  
lengths  h > 1.6y, the l a rge r  the value ‘ h  of n 
quantum eff ic iency.  For reasons evident dN L must be l e s s  than 1. 
P 
d the g r e a t e r  the - ’  -
L 
P 
3.2 Average Quantum Eff ic iency fo r  Sources of Radiation Energy with Dif fe ren t  
Temperatures : 
I n  the previous sec t ion ,  the quantum ef f ic iency  has been computed f o r  
monochromatic inc ident  r a d i a t i o n s  i n  Germanium c e l l s .  A black body o r  gray 
body source emits electromagnetic rad ia t ion  covering the e n t i r e  wave length 
range from h = 0 t o  h = 03 . The s p e c t r a l  radiancy of a source a t  
temper a t  ure Ts i s  given by 
- 
2 1 watts/cm -cm -5 Wh = €Clh . 
c2 -
-1 e l T S  
where C1 and C2 a r e  constants 
€ i s  the emissivity of the emit ter  
h c  
Only the pa r t  of the rad ia t ion  lying between h = 0 and h = h = -  
Et3 ’ the  c u t  off wave length of the  mater ia l  of the junct ion would producg 
electron-hole  pa i r s .  The number of photons lying between h = 0 and h = 
is d i f f e r e n t  f o r  d i f f e r e n t  source temperature and the photons of d i f f e r e n t  
wave lengths  have d i f f e r e n t  quantum ef f ic iency .  The average quantum e f f i c i e n c y  
may be defined by 
lg 
Clb-4= dh 
C2/hTs 
l g  
h f Wh , dh w - h 
F= W h .  dh h “g 5 i - 4 .  dh  
h=O hc ‘1 - AS0 e - 1  
h=O h=O c, 
r 
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It i s  very d i f f i c u l t  t o  solve the above expression of average quantum 
e f f i c i e n c y  as i n  a given spectrum it i s  not  possible  t o  determine the number 
of photons a t  one d i sc re t e  wave length. A s  an a l t e r n a t i v e ,  the whole spectrum 
of the  b l ack  or gray body r a d i a t i o n  w a s  divided i n t o  small i n t e rva l s .  
quantum e f f i c i e n c y  of the average wave length i n  t h a t  i n t e r v a l  was mult ipl ied 
by the number of photons i n  t h a t  in te rva l .  
wave length i n t e r v a l  h = 0 t o  h = 
The 
A summation w a s  car r ied  out  f o r  
As such 
l g =  
N 
where N i s  the t o t a l  number of in te rva ls .  
9 = 0.9 , the  L &, S and f o r  o p t i m y  value average quantum ef f ic iency  i s  plot ted aga ins t  - N f o r  p a Germanium 
ce l l  with d i f f e r e n t  black body sources i n  L Fig. 8. The higher the 
temperature of the source, the l e s s e r  the energf: i n  wave length i n t e r v a l  
1.5 t o  1.87~ and therefore  the higher the  e f f ic iency .  
For t y p i c a l  values of 
3.3. Photovoltaic Energy Conversion Efficiency: 
With the he lp  of average quantum ef f ic iency ,  the sho r t  c i r c u i t  cur ren t  
dens i ty  J can be computed R 
where Q i s  the number of photons i n  the wave length i n t e r v a l  A = 0 t o  h = X . 
The maximum power load voltage V is  obtained by the following r e l a t i o n s h i p  g 
mP 
T 
JR 
9 JO 
where voc = -  t n  ( - - + I )  
I 
( reference 7) 
i s  the reverse s a t u r a t i o n  c u r r e n t  density.  
JO Knowing V the  maximum power output pe‘r u n i t  area p can be computed. 
The t o t a l  mp’input power per u n i t  a rea  p is give%y input  
Pinpu t J’ W A . d h .  
0 e f f i c i e n c y  
The photovol ta ic  energy conversionlof the c e l l  is, therefore ,  given by 
U 
“ce l l  
Figure 9 shows the 
of e and S and 
Pinput 
per un i t  c e l l  e f f i s i e n c y  of a Germanium with typ ica l  values 
as a funct ion of f o r  var ious sources. 
LP \ 
c 
-9 - 
4. CONCLUSIONS 
Several conclusions can be drawn from the study of e f f e c t  of dimensions 
on the  e f f ic iency  of rad ian t  energy c e l l s :  
(1) For f i e l d  f r e e  and no surface s t a t e s  i n  the c e l l s ,  an optimum 
average quantum eff ic iency of 85$ and optimum c e l l ' s  conversion e f f ic iency  
of 15$ can be obtained, provided the dimensions of the cells  a r e  chosen 
such t h a t  d = 0.1 L = 0.005 cm, and d = 0.9 L = 0.045 c m  and the 
rad ian t  energy N source P i s  a black body a t  'T = 200B°K ( f o r  Germanium c e l l ) .  
S 
(2)  With a typica l  value of b u i l t - i n  e l e c t r i c  f i e l d  of 500 volt/cm 
and surface recombination ve loc i ty  of 10,000 cm/sec i n  the exposed layer  of 
Germanium P-N cel ls ,  an optimum average quantum ef f ic iency  of 93% and 
optimum ce l l  conversion eff ic iency of 17% can be achieved, i f  the dimension 
of the c e l l s  are chosen such t h a t  d = 0.9 L = 0.045 cm, d = 0.9 L = 0.045 c m  
black and the radiant  energy source i s  a body a t  Ts =N20000K. P 
(3) It i s  suggested t h a t  photons of wave length i n  the i n t e r v a l  1 . 6 ~  
t o  1.871.1 f o r  the case of Germanium c e l l s  should be re f lec ted  and conserved 
so t h a t  the average quantum eff ic iency may be f u r t h e r  improved. 
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